Measurements of the radon soil gas concentration and permeability can give an overview of the geogenic radon potential in an area. Unfortunately, these results cannot be used to evaluate the radon concentration inside a building since every building has individual properties (e.g. building fabric, tightness), which can infl uence the radon concentration. Moreover the radon situation in a building is underlying several infl uences of meteorological or residents' origin that overlap each other. To get an overview of the radon situation, it is necessary to determine the radon concentration over a longer time, common measurement times are ranging between three months (preferably in the heating period) and a year.
With a better understanding of the radon situation inside a building, it could be possible to get reliable data by a much shorter measurement time. A possible approach is the radon entry rate. The aim of this project was to enhance an existing method for the continuous determination of this parameter, test it respectively to its usability and to analyse possible infl uencing parameters.
Approach
The calculation of the radon emission rate is based on a differential equation, which describes the development of the radon concentration in a room [5] : (1) This includes the radioactive decay of radon-222 (), the volume-specifi c radon emission rate (Q Rn,V ), the air change rate (k) which expresses the air exchange of a room per hour, the radon concentration outside (c Rn,a ) and the radon concentration inside a room (c Rn ). The radon emission rate is defi ned as a sum of sources, e.g. the radon from the ground and the used building materials. The radon concentration outside was, compared to the absolute changes of the concentration inside, assumed as constant.
For further examinations, the period under observation is minimized so air change rate and radon emission rate can be assumed to be constant. As a result, the time-dependency of the radon emission rate and the air change rate can be omitted: (2) After solving this differential equation with the initial condition c Rn (0) the result is:
(3) Equation (3) allows to determine radon concentrations when the radon emission rate and the air change rate are known and constant over the period t = 0 to t. If those parameters are thought to be time-dependent the observed period has to be reduced to an interval t. Even if those periods are examined separately from each other, the assumption of a constant radon emission rate and air change rate persists within t. The starting value c Rn (0) becomes the value of the radon concentration measured before the current value. With known t, the time between two consecutive radon measurements, the course of the radon concentration c(n) can be calculated using the following formula:
The conversion of the equation for Q Rn,V requires several transformations and results in Eq. (5): (5) This equation allows the calculation of a time--dependent radon emission rate. The result is a value which expresses the released activity per cubic metre and hour (volume specifi c radon emission rate) for each observation at n. By multiplying this with the volume of the observed room, the result describes the released activity per hour which is designated as Q Rn .
When defining special boundary conditions (t  , k and Q Rn,V = const.) for Eq. (4) the result is: (6) with the above-mentioned conditions, it is now possible to estimate the saturation level of the radon concentration.
Since the real air change rate is assumed to vary over time it has to be measured. This can be achieved by using a tracer gas method. These methods are described by a guideline of the Association of German Engineers (VDI) [6] or in DIN EN ISO 12569:2012. Within this project the concentration decay method was used. A non-radioactive gas is injected into a room and the decrease of the concentration is measured. The air change rate can be determined by using the following equation:
The measured tracer gas concentration is represented by c n-1 and c n while t identifi es the time between those two values. When determining the air change rate by this method, it has to be consid-
ered that in cases of use of natural occurring gases as a tracer a natural underground concentration exists. This concentration has to be measured and subtracted from the recorded values. For testing purposes carbon dioxide (CO 2 ) was used in this project despite the fact it has several disadvantages. At fi rst, this gas has a natural background that is varying between 400 and 450 ppm. The second disadvantageous property is that CO 2 is exhaled by humans, so its use in dwellings in the presence of the residents is contradicted. Furthermore, in cases where the concentration of CO 2 converges against the natural background the air change rate cannot be determined correctly and the uncertainties will become too large. To avoid this effect a lower threshold value of 900 ppm was defi ned. When the threshold concentration is reached CO 2 has to be injected again. Another property that has to be considered for all gases is the time the tracer gas needs to reach a homogenous concentration in the whole room. The presented disadvantages may disqualify CO 2 as a tracer gas for practical use. Alternatives can be found in sulphur hexafl uoride (SF 6 ) or nitrous oxide (N 2 O) which are well known for the determination of the air change rate but require complex measurement devices. The decision to use CO 2 was based on the availability of cost-effective devices that allow a continuous measurement and the fact that the fi ndings can be transferred easily to the use of the other tracer gases. Figure 1 shows a section of a measurement series with the detected CO 2 concentration and the via Eq. (7) calculated air change rate of a room. The sharp increase of the CO 2 concentration was caused by an injection of the tracer gas. Sectors where the air change rate could not be determined due to the homogenization processor the convergence against the natural background concentration were marked as grey bars. In these areas, the ACH was interpolated linearly to get a continuous series of measurement values, which is important for the next step in the calculation process.
As described the radon emission rate can be calculated with the ACH and the measured radon concentration via Eq. (5). The results show an extremely unsteady signal, which makes it impossible to provide a clear statement on the trend of the radon emission rate. Several attempts have been made to improve the outcome. Radon concentration as well as air change rate were smoothed using the arithmetic and moving average, which showed much better results. A further improvement occurred by calculating the arithmetic or moving average of the results of Eq. (5). Nevertheless, occasionally appearing in sections with strong changes of the air change rate (see Fig. 3 ) the radon emission rate could not be determined correctly. A promising approach was the use of window functions that have their origin in the digital signal processing. The application of window functions and the positive effects on noisy signals are known due to a former project [5] and delivered useful results.
To apply a window as fi lter the radon emission rate is calculated by Eq. (5) in the initial step using the corresponding data. After that, a fast Fourier transform (FFT) is performed and the received values are multiplied by the window function. In a last step, the data are transformed back by an inverse Fourier transform (iFFT). This procedure fi lters the original signal and reproduces the trend of the radon emission rate.
Several of the existing window functions have been tested for their usability and showed less satisfying results. Therefore a modifi cation of a known to be well-performing function was developed: with little changes, a function in the style of the Hamming window [7, 8] Satisfying results with this modifi ed window function were obtained using a window width of N = 128. This seemed to be the best compromise between noise reduction through fi ltering and the precision of the reconstruction based on the original signal.
Measurement devices
AlphaGUARDs from Saphymo GmbH (former Genitron) were used for the radon measurements while the CO 2 concentration and room climate parameters were determined with CDL210 by WöhlerMess-geräteKehrgeräte GmbH. All devices ran with a log k (h 
Results
Before the fi rst application of the described method the procedure was tested using simulated data and measurement data from a former project. The simulated data of the radon concentration were generated by a program which uses defi ned parameters (e.g. room volume, air change rate, radon background concentration and radon source) and known uncertainties of the measurement devices. These radon concentrations and the predefi ned air change rates were used to reconstruct the radon emission rate. An example is presented in Fig. 2 . While the trends of the defi ned and the reconstructed radon emission rate are plotted in the lower part the air change rate is shown in the middle. The result of the simulation is the radon concentration and can be seen in the upper part. The changes in the radon concentration were induced by an increase or decrease of the radon source and the air change rate. The reconstructed emission rate (modifi ed window function, N = 128) was compared to the predefi ned radon source and showed good correspondence. Especially within constant parts of the radon source, a better conformity with the predefi ned values was achieved as shown in Fig. 2 . The fi nal rise of the radon emission is induced by a sharp increase of the radon source that is not shown in this graph. The reconstruction lacks precision in areas of sharp edges resulting from strong changes of the ACH or the emission rate. Despite this, the results were considered suffi cient for the application in real objects since the air change rate and radon emission rate are assumed not to follow a discontinuous function. The shown result is the best compromise between suffi cient fi ltering and information loss. Besides the simulations, data from measurements of a former project were used to verify the method. These measurements have been performed in a climate chamber with a volume of 10 m³. Several radon sources (e.g. pitchblende and soil samples with high radium content) were placed inside the chamber to produce radon concentrations with different levels. The air change rate of the chamber was defi ned by an installed fan, which produced a gauge pressure. With the known fl ow rate and the chamber volume the air change rate could be determined. A measurement series can be seen in Fig. 3 . The measured radon concentration is plotted in the upper part, the graph below shows air change rate, the calculated radon emission rate is represented by the plot in the lower part. The used radon source can be assumed to be constant, the reconstructed radon emission rate has a mean value of 7660 Bq·h -1 and a margin of deviation of ±3%. The peaks around t = 70, 90 and 115 h are caused by abrupt changes of the air change rate and could not be ruled out by the calculation process. These variations do not represent the actual trend of the radon emission rate in this part of the measurement series. The radon concentration was produced by pitchblende, the air change rate (ACH) could be changed utilizing a fan. The variation of the radon emission rate is caused by the abrupt changes of the ACH which cannot be ruled out by the calculation process.
After verifying the possible usability of the method by numerous simulations and with data from older measurements, an uninhabited building used as storage room was used for further tests under real conditions. It consists of two connected rooms and an attic. Each room has one window; the attic is partially open and was used as a weather-proof measurement point of the outdoor conditions. One radon measurement device and one room climate measurement device were put into each room and the attic. The parameters were recorded over a period of eight weeks (end of October 2014 to the middle of December 2014). Besides gaining experience with the method to determine the air change rate different measurement conditions were arranged (e.g. opening or closing the door between the two rooms and opening of the windows). Due to the rather low measured radon concentrations (up to 200 Bq·m -3
) an additional strong radon source was placed into the building for a short period of time to imitate a building with a high radon entry rate. The expected increase of the radon entry rate was detected based on the calculations via Eq. (5) and application of the window function.
A major problem during the measurements was to provide a CO 2 concentration over the whole recording time that can be used for the determination of the air change rate. Because this was not possible to achieve there are several gaps in the calculated air change rate data. Since it is not possible to reconstruct the radon emission rate when air change rate data are missing gaps were linearly interpolated. To avoid wrong interpretations during the analysis produced by the interpolation the gaps are marked with grey bars in all diagrams.
The radon emission rate of the investigated object has a mean value Q Rn = 715 Bq·h -1 , the deviation was up to 30%. Figure 4 shows a part of a measurement series. In addition, the difference between the inside and outside temperature of the building is plotted. With every increase of the temperature difference an increase of the radon emission rate occurred, a similar behaviour that has been observed in [9] based on measurements of the radon concentration. A possible explanation of this effect could be that warm air from inside escaped through leaks in the attic and produced a negative pressure which forced the radon to exhale from the ground. The analysis of the correlation coeffi cient showed results between 0.3 and 0.9. Other parameters like air pressure and humidity showed no signifi cant correlation.
Discussion
The method for the determination of the radon emission rate was verified by simulations and measurements. Nevertheless, there is potential for improvements. When determining the air change rate with CO 2 as tracer gas in uninhabited rooms it is recommended to use a constant injection method to prevent the concentration from decreasing to the background concentration. By now a device for the constant injection of CO 2 has been obtained, and the fi rst results show that the air change rate can be calculated correctly on a continuous base over long periods of time. On a long-term view more suitable gases like SF 6 or N 2 O should be used when determining the radon emission rate in dwellings while they are inhabited.
As consequence of the continuous determination of the air change rate, the analysis of possible infl uencing parameters of the radon emission rate can be done based on a bigger database. In addition, other possible infl uencing parameters will be considered, for example the pressure difference between inside and outside.
Further long-time measurements have to show if the radon entry rate remains on a constant level or if possible variations, caused by existing infl uences, can be corrected. Depending on the results of this analysis it has to be evaluated if short-time measurements provide the same information about the radon situation inside a building as long-time measurements. 
